have been based on the Fick principle. These procedures include excretion methods1-5 and gas diffusion technics.>'2 The excretion methods, using either para-aminohippurate (PAH) or radioactive iodopyracet (Diodrast), ' 3 cannot be applied to the anuric subject. Despite an adequate flow of urine, they yield inaccurate values when the extraction ratio of the test substance is low. The gas diffusion techniques are not dependent on urine flow, but they have many disadvantages. 14 The methods based on the Fick principle measure only the total renal blood flow. The demonstration by Kramer 25 This paper will describe the method with some details, discuss its validity, and report the results of 38 experiments.
Methods
Fifty determinations were performed on 44 From the Medical Outpatient Departmnent, Uni- versity of Beme, Berne, Switzerland.
This investigation was supported in part by a grant from the Swiss National Fund. 426 subjects. Thirty-eight were considered reliable; 12 were discarded for various reasons. The group included 11 normal subjects, eight patients with acute anuria, and 13 with chronic renal disease. On six of the eight patients with acute renal failure the determination was repeated during the polyuric stage.
Determination of Total Renal Blood Flow
One renal artery was catheterized with a Seldinger catheter by the transfemoral route.26 27 The ipsilateral renal vein was catheterized with a no. 9 Cournand catheter from the antecubital vein. 28 Good visualization was ensured by using a Philips image amplifier. The position of the catheters was considered satisfactory when their tips appeared to lie in the main stem of each vessel. Between two determinations the catheters were kept open by means of a constant drip of heparinized saline.
Renal venous blood was withdrawn with a pump at a constant rate (usually 29.3 ml/min) and passed through a cuvette densitometer.* As soon as stabilization of the base line was obtained, 2 ml of dye was injected from a calibrated syringe into the arterial catheter. The dye-concentration curve in the renal vein was recorded by the dye assembly. The injected dye solution contained approximately 0.1% of Evans blue (13 cases) or 0.1% of indocyanine green (25 cases) in saline. The arterial catheter was not rinsed with saline. After completion of the experiment, the inside volume of the catheter was determined accurately. It varied between 0.6 and 0.75 ml. This volume was subtracted from that of the injected dye, in calculating the flow. Calibration was performed according to the procedure devised by Sparling for cardiac output determinations.29 While blood was draining at the same rate as for determining the renal blood flow, an accurately known amount of the same dye solution (usually 0.02 to 0.08 ml) was injected into the recording system and a calibration curve was recorded. The areas corresponding to the flow curves and calibration curves were then compared. For the calibration curves the whole surface comprised between the curve and the base line was measured. For the flow curves we had to use another technique, as the concentration curve did not return to the base line, owing to recirculation of dye. A new straight line was drawn joining the preinjection and the postinjection levels. This line was taken as a base line for measuring the area ( fig. 1 ). Total renal blood flow (one kidney) was calculated from the equation:
where F =renal blood flow (ml/min) f = rate of flow through the recording system (ml/min) I =quantity of dye solution injected into the renal artery (ml) i = quantity of dye solution used for calibration (ml) Catheter sampling results in delay in the appearance of the dye and distortion of the dilution curve. The total length of our sampling system from the tip of the catheter to the cuvette was about 100 cm, with a total inside volume of 2.85 to 2.93 ml. The rate of flow was 0.49 ml/sec. A simple calculation30 according to the equation Delay time (sec) =Volume of sampling system (ml) Rate of flow (ml/ sec) would yield inaccurate values, as the velocity of flow in the catheter varies from a maximum at the center to a minimum at the walls. As a matter of fact, the true delay in appearance time is shorter than calculated from a mean flow rate. On the other hand, the observed broadening of the dilution curve means that the measured mean transit time corrected for the delay time is longer than the true mean transit time. Several investigators have attempted to predict the effects of a specific sampling system on the shape of dilution curves,31 34 but no method seems to apply to our experimental conditions.
For that reason we found it necessary to measure in vitro the effects of our sampling system on dilution curves resembling those likely Figure 1 Renal blood flow curve (left) and calibration curve (right). The (S1 and S2).
pressed cortical blood flow and the second wave medullary blood flow (this assumption will be discussed later). The areas corresponding to the two curves were measured by means of a graphic construction ( fig. 2 ). The segment of the slope between the maximal deflection and the new base line was replotted on semilogarithmic paper. Its first part always became a straight line, followed by a curvilinear tracing. The straight line was extrapolated, and the values corresponding to the extrapolated part permitted a new exponential slope to be drawn on the original record. The area limited by the exponential tracing was measured as Sl. As the total area S had already been measured, the area of the second wave could be calculated as S., S -S1. In one hypertensive patient with chronic In the five normal subjects, the medullary flow represented 8 to 20% of the total flow. This ratio increased to 24% in one subject after infusion of mannitol. In the two patients with chronic nephritis, the ratio was 11 and 15% and remained unchanged after hydralazine in one case. In the three patients with acute anuria the ratio was It was prolonged in all pathological cases but could be shortened by hydralazine.
The medullary vascular volume accounted for 22 to 48% of the total vascular volume in normal subjects. This ratio was not altered in the diseased kidney, except in two cases of acute renal failure. In these two cases medullary vascular volume was only 17 and 20% of the total volume. Figure 5 Comparison of three renal venous dilution curves with the same amount of dye injected either into the renal artery (utpper curve) or distally into the aorta (lower curves).
Working on kidneys of dogs perfused in situ, Deetjen and associates337 recently confirmed that the second wave was not chiefly due to recirculation. As in their experiments recirculation could be ruled out, the second deflection was obviously due to the late appearance of dye circulated slowly. Calculation of the medullary flow according to our method yielded values comparing favorably with the results given by other techniques.37
Reliability of the Method of Analyzinig Flow Curves All available data seem to indicate that the renal flow curves represent the sum of three superimposed components: a large and fast cortical flow, a small and slow medullary flow, and a very small recirculation wave. The part played by recirculation can be estimated separately. It is certainly feasible to correct the flow curve by subtracting the area corresponding to recirculation. But we did not feel that this would greatly improve the accuracy of the method. No correction was made on the values reported in this paper.
The mathematical analysis of any indicatordilution curve still remains an unsolved problem. 38 There is much to indicate, however, that when the flow is relatively homogeneous and recirculation is absent or negligible, the slope following the peak deflection is exponential. The Hamilton method of measuring cardiac output23 rests on this assumption, which has been generally accepted. We felt that this principle could be applied to the separation of the two main flow components. Indirect evidence that this method is correct, at least as a first approximation, is provided by the following observations: (a) In animals Deetjen and his associates37 found the medullary blood flow calculated in this way to be of the same order of magnitude as the values given by other methods. (b) In man, the dye method, the washout techniques, and the thermodilution studies yield comparable values for the medullary blood flow21 ' 22 ( fig. 6 ) was devised to reproduce the circulatory conditions supposed to exist in the kidney: dual flow, flow F1 about 10 times greater than F2, and volume VV, about four times greater than VV2. The total flow and the partial flows could be measured directly, and dye-dilution curves could also be recorded. The dilution curves were bimodal and similar to renal flow tracings. They were analyzed in the same way. In one representa- pyelonephritis) affecting both kidneys to a different extent. As the PAH blood flow for the catheterized kidney has been considered arbitrarily to be half of the total flow, marked discrepancies may be explained on this basis.
We have mentioned that intrarenal storage of dye would result in unduly high dye-flow values. This may play a role in cases of renal interstitial edema. On the other hand, it has been reported that in oliguria the PAH flow values may be unduly low owing to storage of the test substance within the tubular cells.39' 40 Both phenomena might well explain the fact that in renal disease, especially in tubular necrosis, the average dye-PAH ratio was higher than in normal subjects. This also means that the PAH method taken as a standard of reference may occasionally yield erroneous results.
Passage Times and Vascular Volumes
When properly corrected for catheter sampling, the circulation times are probably reliable, as far as total and cortical flows are concerned. Considering medullary circulation, the appearance time is probably valid. But the mean medullary transit time cannot be determined accurately for several reasons: (a) The last part of the medullary curve is disturbed by recirculation. (b) An unknown fraction of the plasma-bound indicator almost certainly circulates extravascularly. Depending on whether the turnover of the extravascular compartment is fast or slow, some dye circulated through the medullary interstitial spaces may or may not reappear in the renal vein during the recording period. It is interesting to remember that in 1958 Collings and Swann41 injected i-si1-labeled albumin into the renal artery of dogs and found that it entered the kidney at two different rates. The half time was 4 seconds for the fast rate and 40 seconds for the slow rate. These authors postulated that these figures could characterize the vascular and interstitial space of the kidney. We think that the data can also be interpreted in terms of cortical and medullary blood flow. We know from experiments on animals that the medullary circulation is extremely heterogeneous. The data pertinent to chronic renal disease deserve only short comment. There is in most cases an overall impairment of the renal circulation. In advanced stages with renal insufficiency, the curves are broadened and the mean transit time is prolonged. The shape of the curves makes it difficult at times to estimate the rate of medullary flow. We were able to do it in a few cases, and the flow ratio of medulla to cortex was not altered significantly. But the medullary transit time was more prolonged than the cortical transit time. These data are consistent with the view that in chronic renal disease there is an overall reduction of flow without marked distortion of the normal pattern of intrarenal distribution.
Renal Hemodynamics in Acute Renal Failure It was formerly believed that acute anuria was due to persisting renal ischemia. 4 
Conclusions
The dye-dilution method of measuring renal blood flow has brought to light some new facts. If it can be developed further, it will probably represent a valuable contribution to the study of renal circulation in man. It remains to establish, whether it is more or less reliable than other methods recently described. The single injection technique has one distinct advantage over the dilution method using continuous infusion of the indicator: 17 19 It measures the renal passage times and permits calculation of the vascular volume and semiquantitative estimation of the medullary blood flow. It is probably more accurate than isotopic washout procedures using external counting and less hazardous than thermodilution techniques involving multiple renal punctures with thermistor needles. The single-injection, dye-dilution method has been used recently by two other groups, who found it to be quite convenient.55 56 Summary A dye-dilution method of measuring renal hemodynamics in man has been described. The method requires catheterization of both the renal artery and the renal vein, a single injection of dye into the renal artery, and recording of the venous dilution curve by means of a cuvette densitometer.
The method was evaluated in 11 normal subjects, eight patients with acute anuric renal failure, and 13 patients with chronic renal disease. In 26 instances tlhe PAH clearance and the PAH-extraction ratio were determined simultaneously. The dye-PAH flow ratio averaged 0.98 for the whole series. The limitations of the dye method have been discussed.
The dye method probably makes it possible to estimate the blood flow distribution within the hluiman kidney. The available data indicate that cortical blood flow in the normal kidney ranges from 80 to 93% of the total flow, with a mean transit time of 5 to 10 sec. The calculated cortical vascular volume ranges from 52 to 78% of the total volume. The extracortical flow presumably represents medullary circulation with a mean transit time of 19 to 25 sec.
In anuric renal failure the total renal blood flow averaged 55% of normal and did not increase significantly during the subsequent polyuria. The shape of the dilution curves remained essentially normal in anuria and polyuria as well.
If this recital does nothing more, it may help to emphasize the limitations of our methods as we employ them in investigating disease, and impress the necessity of grasping any new means within our reach of forwarding our object-the elucidation of human maladies. You know how closely disease is scrutinized by hosts of ready workers; and you will discover, if it is not already known to you, how speedily the advantage of each new stratagem, and each new engine of warfare, which medical ingenuitv invents in its struggle with its enemy, disease, is exhausted.
A new line or means of transit is developed, the opportunity is seized on all sides, a stride is taken; some shuffling adds a little to the progress and establishes the move by fortifying the new position; then comes the long wait until once more new cover or new means of reaching it is perceived, and the slow march is continued.
The history of the recognition of fibrillation of the auricles will impress you with the dimness of our eyes and the opacity of the obstacles which embarrass our vision. You will know how blind we have been to things which, once seen, are so apparent. 
